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ABSTRACT 
 Total elbow arthroplasty is a surgical procedure used to replace an afflicted 
articulation with prosthetic joint components. A good alignment between the native and 
prosthetic flexion-extension axes of the elbow is required to preserve its functionality. 
However, this is often unobtainable because of the mismatch between humeral canal and 
implant stem geometries. To correct this, surgeons are often required to intraoperatively 
make error-prone decisions when determining an appropriate implant posture that 
minimizes the amount of cortical bone to be removed while maintaining the alignment 
between the two flexion-extension axes. To address this issue, the present study has 
developed computational tools to be used preoperatively to assess the relationship 
between bone removal and implant malalignment magnitudes; the overall objectives 
being related to their individual or simultaneous minimization. The results presented 
determine an optimized implant position for 3 bone samples minimizing the implant 
interference and implant malalignment. 
Keywords:  total elbow arthoplasty; flexion-extension (FE) axis; implant 
malalignment; implant posture; humeral bone removal; numerical 
optimization  
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CHAPTER 1  
INTRODUCTION 
1.1 MOTIVATION 
 Total elbow arthroplasty (TEA) surgery is a surgical procedure performed on the 
upper limb in order to remedy excessive damage to the elbow joint indicated by joint 
pain, stiffness, or instability. A prosthetic device is used to replace the native bone to 
restore proper articulation in the elbow joint. Elbow arthroplasty surgery is not as 
common as a knee or a hip arthroplasty surgery. As a result, surgeons are not exposed to 
the surgery as often, resulting in insufficient experience with the procedure
1,2,3
. However, 
a growing trend in upper extremity arthroplasty surgeries, namely that this lack of 
exposure, causes some problems with the surgical protocol
2,3,4
.  
One of the primary goals of TEA is to replace the poor articulation with a 
prosthetic device that is capable to mimic most, if not all, of the kinematic functions of its 
native counterpart. To ensure this, the flexion-extension (FE) axis of the prosthetic elbow 
has to be aligned, to the largest extent possible, with the native FE axis of the 
articulation
5,6,7
. However, this goal is often not attainable in the surgical practice due to 
the geometric restrictions imposed by the shape of the medullary canal of the humerus on 
the position and orientation of the implant. As such, the implant alignment is often 
sacrificed in order to allow an acceptable insertion of the implant into the humeral 
canal
8,9
. Consequently, if the implant is not properly aligned with the native FE axis, 
eccentric loading through the implant will occur and this might lead to aseptic loosening 
of the prosthetic device
1
. 
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Presently, the reported complication rates are anywhere from 8% to 
32%.
4,10,11,12,13,14,15
 These complications include: aseptic loosening, delayed avulsions, 
infection, and neuropathy. If aseptic loosening implant and/or articular pain are present, 
revision surgeries are often required to either reposition or replace the implant. It is 
important to note that revision rates for TEA surgery are on the rise, increasing from 
11.5% in 1990 to 52.1% in 2005
16
. Along the same lines, other authors have indicated 
that from 1993 to 2007, there have been rising costs of TEA surgeries and revision 
surgeries with a 66% and a 100% increase respectively
4
. Furthermore, if excess loads are 
placed on the implant, this could result in implant or bone fractures. In this regard, 
Throckmorton et al. have determined that 5.8% of TEA patients had component fractures 
and 4.7% of patients had periprosthetic fractures
17
.  
 On the other hand, if implant alignment is strictly enforced, it is very likely that 
certain amounts of cortical bone will have to be removed from the humeral canal in order 
to permit the attainment of a particular posture (e.g. position and orientation) of the 
humeral implant that practically enables a good match between prosthetic and native FE 
axes. However, it is reasonable to believe, in this case, that the weakened bone may not 
be able to take the required functional loads and this will result in fracture and/or further 
elbow joint damage. Obviously, this shortcoming can be partially alleviated through an 
allograft, but this is typically not regarded as a desirable solution due to its increased 
susceptibility to further complications such as infections or immune rejections
18
. 
Therefore, the amount of cortical bone to be removed should be minimized in order to 
preserve as much as possible the original strength of the native humerus. 
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Based on the discussion above, it becomes apparent while the attainment of the 
best possible alignment between the native and prosthetic FE axes as well as the removal 
of the minimal amount of cortical bone are both equally desirable traits of a TEA 
procedure, it can be inferred that they are in fact almost mutually exclusive conditions. 
Because of this, the surgeons often have to determine the best tradeoff between them; a 
task that is almost impossible to accomplish without adequate computational tools.   
1.2 OBJECTIVE 
 The principal objective of this work is the development of computationally 
efficient preoperative planning tools that are capable to simultaneously take into 
consideration the amount of implant malalignment as well as the amount of interference 
between implant stem and humeral bone. The computational techniques to be developed 
are meant to support the planning stages of the TEA surgery by providing the surgeon 
with means to assess the position and amount of the cortical bone to be removed from the 
medullary canal in order to allow a superior alignment between the native and prosthetic 
FE axes. Furthermore, the computational tools and techniques to be developed are meant 
to provide further insight on the relative balance between the two aforementioned 
metrics, an aspect that was rarely – if ever – investigated by the surveyed literature.  
1.3 HYPOTHESIS 
The present study hypothesizes that superior elbow implant alignments can be 
acquired by means of controlled and precise removal of the cortical bone from the 
medullary canal of the humerus. To enable the verification of the proposed hypothesis, 
several tasks/aims to be sequentially accomplished are envisioned as follows:  
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i) extraction of discrete (e.g. point-based) inner and outer bone contours from CT data;  
ii) development of adequate metrics to be used in quantification of the implant 
malalignment as well as that of the implant interference condition; iii) development of 
computationally-efficient tools capable to optimize one or both metrics to be developed 
within acceptable bounds of variation for clinically-relevant constraints.  
1.4 CONTRIBUTIONS 
The original contributions brought by this thesis are related to the development of 
several numerical techniques and/or algorithms capable to accomplish the targeted tasks. 
While the majority of these developed techniques were based on relatively standard 
geometric or numerical procedures, several new computational methods were developed 
to automatically extract inner and outer bone boundaries directly from discrete clouds of 
points and to quantify the amount of interference between the implant stem and cortical 
bone in the context of discrete point-based data.  
Moving to a higher level, this work is one of the first attempts made to 
demonstrate that implant malalignment and bone/implant interference amounts are in an 
relationship of inverse proportionality. As such, by means of computational tools 
identical or similar to those presented in this thesis and used in a preoperative setting; 
more correctly positioned elbow implants will ensure a higher success rate for TEA 
surgeries.  
1.5 OUTLINE 
 Chapter 2 outlines background information pertaining to this thesis. In this 
context, an overview of the anatomy and physiology of the elbow will be presented along 
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with some fundamental concepts related to CT image acquisition of the osseous elbow 
configuration. Chapter 3 contains information on the generation of discrete (e.g. point-
based) representations of the inner and outer humeral geometry, both performed by 
assuming a CT based data input. Chapter 4 is focused on the development of a 
computational technique capable to outline constrained implant postures to ensure 
minimal removal of the cortical bone. Chapter 5 turns the implant posture into an 
optimization objective, such that the efficiency of dual optimization techniques will be 
discussed in this context and finally, the thesis concludes with a chapter of conclusions. 
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CHAPTER 2  
BACKGROUND 
2.1 BIOLOGICAL PLANES 
 When referencing the body, it is important to establish anatomical directions and 
planes in order to further describe the location of reference. The major anatomical planes 
are the coronal (frontal), sagittal (lateral), and transverse planes. Within the coronal plane 
are posterior and anterior directional terms. Posterior refers to a direction to the back or 
behind and the anterior direction is towards the front. In the sagittal plane, there are the 
medial and lateral motions where the medial is towards the middle of the body and lateral 
is away from the middle of the body. Finally, the normals to the transverse plane make up 
the superior and inferior anatomical directions where superior is above and inferior is 
below the body. These terms can be visualized in Figure . Another important directional 
term not shown in Figure  is distal and proximal. Distal refers to away from or farther 
from the origin, whereas proximal means near or closer to the origin. These terms are 
used throughout the following text and it is important to have a basic understanding of 
these definitions. 
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2.2 ELBOW BIOMECHANICS 
 The upper extremity plays an extremely important role in day to day activities of 
an individual. Among upper limb’s joints, the medially placed synovial hinged joint, 
called the elbow, enables the attainment of a broad palette of positions for the hand 
simply by modifying the intrinsic length of the upper extremity. Evidently, understanding 
the biomechanics of the elbow joint is of paramount importance when considering design 
considerations for surgical operations of the joint. Without adequate background on 
osteology, muscles and ligaments as well as elbow kinematics, the success of the elbow 
replacement procedure is improbable.  
Sagittal Plane 
Coronal  Plane 
Transverse Plane 
Superior 
Medial 
Lateral 
Anterior 
Posterior 
Inferior 
Figure 2.1: Anatomical planes and directions 
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2.2.1 Osteology 
 The osseous structure of the elbow consists of three articulating bones, namely: 
the humerus, ulna, and radius. The humerus is a long bone connecting the shoulder to the 
elbow whereas the ulna and the radius connect the elbow to the wrist. The radius is 
positioned lateral of the ulna in the supinated position. Furthermore, the elbow joint is 
comprised of the distal humerus, proximal ulna, and proximal radius. The articulating 
components of the elbow include the trochlea and the capitellum on the distal humerus 
and the proximal ends of the ulna and the head of the radius. These articulations are 
named radiohumeral, ulnohumeral, and the radioulnar joints
19
. 
 From a kinematic standpoint, the elbow has two degrees of freedom: flexion-
extension and supination-pronation. The radiohumeral and ulnohumeral joints articulate 
with each other during flexion-extension and the radioulnar articulates during forearm 
rotation (Figure 2.2)
19
. 
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Traditionally, the primary functionality of the elbow is associated with that of a 
hinge joint. However, more recent studies seem to suggest that the elbow behaves more 
as a 3D helical joint since the FE axis translates in the sagital plane when moving from 
the flexion to the extension position
20
. Despite this, most researchers tend to agree that 
for the purpose of identifying the FE axis, it can be assumed that its direction remains 
unchanged except perhaps when the angle reaches its extremes
19,21,22,23
. Therefore, 
according to a very broad consensus FE axis is defined as the line joining the center of 
the spherical capitellum with the geometric center of trochlea sulcus, typically 
assimilated with a circular feature
1,5,8, 21,22,24,25, 26,27
. 
a) b) 
Figure 2.2: a) Flexion-extension movement of the elbow b) Pronation-supination 
movement of the elbow 
Extension 
Flexion 
Supination 
Pronation 
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2.2.2 Elbow Movement 
 The axis of forearm rotation passes through the convex head of the radius in the 
proximal radioulnar joint and through the convex articular surface of the ulna at the distal 
radioulnar joint. Supination is defined as a rotation that forces the palms of one's hand to 
face upwards whereas pronation is the rotation forces the palms downwards. The range of 
motion achievable through supination and pronation has been shown to be 85 and 75 
degrees respectively (Figure 2.2b). 
 Varus-Valgus motion is movement of the elbow in the coronal (frontal) plane 
(Figure ). This motion is also referred to forearm abduction and adduction. The stability 
of the elbow joint is often measured by a varus-valgus stress test by physicians or 
orthopedic surgeons. A normal elbow has been estimated to have approximately 11.2 
degrees of valgus motion and 6.6 degrees of varus motion
28
. 
 As indicated above, the primary flexion-extension motion is linked into the hinge-
like functionality of the elbow. However, during the flexion extension motion, the center 
of rotation has been observed to translate up to 7.8 mm distally and 2.5 mm laterally. As 
a result, the real flexion extension movement is slightly helical. Nevertheless, from a 
practical perspective these changes are rather minimal such that they are often 
disregarded; which means that elbow kinematics is similar to that of an idealized hinge. 
The ranges of motion of a typical elbow joint are 0 degrees in extension and 150 degrees 
in flexion
19
. 
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2.3 ELBOW IMPLANT 
One of most common techniques used to restore the lost functionality of the 
elbow involves its replacement with a prosthetic device called an elbow implant. While 
several manufacturers exist on the market, this study was performed in its entirety in the 
dimensional context of the implants fabricated by Tornier. 
The latest line of Latitude EV total elbow prosthesis implants incorporate few 
enhanced design features (Figure 3). To offer highly customizable solutions that would 
better fit the broad dimensional/anatomical variety of joints encountered in the 
population, the implant is available in a modular format consisting of four principal sizes 
(e.g. from small to extra-large) of the humeral spool, humeral stem, ulnar stem, ulnar 
caps, radial heads, and radial stems. Other adjustable and/or dimensionally variable 
features on the implant could include: an optional linkage between the radial and the 
humeral component, anterior flanges for bone graft, square shaped stems or lateral fins to 
assist rotational stability. Furthermore, a titanium plasma spray is coated onto the lateral 
sides of the stem to ensure a superior long term fixation by facilitating the bone in-growth 
and high-density polyethylene is used to ensure smooth movements and avoid metal on 
metal contact between various components of the implant assembly
29
. 
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2.4 MEDICAL IMAGING 
 Medical imaging is primarily focused on the acquisition of internal anatomical 
details to be subsequently used by physicians for diagnosis and treatment purposes. There 
are many different techniques available to create the images such as: X-ray, computed 
tomography (CT), magnetic resonance imaging (MRI), positron emission tomography, 
single-photon emission computed tomography, and ultrasound. In the orthopaedic field, 
X-rays are widely used both because of the good contrast of the images generated and 
because of the relatively low cost of the procedure. 
2.4.1 X-ray Imaging 
 The generation of the X-ray images (Figure 2.4) requires a source, a patient, as 
well as recording film. The X-ray source is aimed at the patient and some of the rays get 
Radial 
Component 
Humeral 
Component 
Ulnar 
Component 
Hinged Joint 
Figure 2.3: Tornier Latitude total elbow arthroplasty implant
29
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absorbed, reflected, or pass through the body unaffected. The film on the other side of the 
patient records the attenuation of the X-rays and the more X-rays reaching the film, the 
darker the image is. As a result, if a lot of rays are absorbed in the body, the film will 
remain white. Different parts of the body have different absorption rates thus have 
expected contrasts on the X-ray film. These varying absorption rates assist physicians in 
assessing the areas of concern in the body.  The resolution of the image is dependent on a 
number of acquisition parameters among which the most important ones are the peak 
kilovoltage or beam energy, tube current, and exposure time. In order to increase the 
resolution of the image, an increase in these scanning parameters is necessary. However, 
that comes at the cost of exposing the patient to more radiation
26,30
. 
 
Figure 2.4: X-ray of a post-operative total elbow arthroplasty surgery.  
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2.4.2 Computed Tomography (CT) Scanning 
 CT scanning constitutes a newer and enhanced version of the X-ray technique in 
which images are acquired by means of a rotating X-ray source. Unlike X-rays that are 
generally capable to create only single 2D representations, CT scanners typically output 
multi-sliced X-ray images of the analyzed body anatomy. Cross-sectional images are 
subdivided into three dimensional pixels called voxels. For CTs, the resolution of the 
image depends on the scanning parameters used as well as the slice thickness. The 
resulting images can be computationally processed to render these 2D images into a 3D 
volumetric object whose geometry is easier to understand and analyze (Figure 2.5)
26,30,31
.  
 
 
 
Figure 2.5: 3D Slicer screenshot of bone sample 1. 3D rendered volume (top), transverse 
plane (bottom left), sagittal plane (bottom middle), and coronal plane (bottom 
right) 
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2.4.3 DICOM 
Since the inception of medical imaging, the amount of information generated, 
processed, and then stored through various body-scanning techniques has experienced an 
explosive growth. However, not long after the wide scale clinical adoption of CT 
scanners in the 1970s, it was noticed that there is a need to standardize the format in 
which digital images were generated by different imaging devices manufactured by 
various OEMs. The intended standardization was meant to facilitate the access of all 
interested stakeholders to CT scanning-acquired information as well as to enable its 
various forms of processing, as related to visualization, reading, exchange, etc. 
As such, the American College of Radiology (ACR) and the National Electrical 
Manufacturers Association (NEMA) formed in 1983 a joint committee whose objective 
was to develop a format capable to encode in the same manner the imaging data 
regardless of the equipment used to acquire it. As a result of that initiative, the Digital 
Imaging and Communications in Medicine (DICOM) standard was created. 
Currently, the standard includes a file format definition and a communications 
protocol enabling the integration of scanners, servers and printers which might become 
involved in various phases of data processing protocol. This universal picture archiving 
and communication system (PACS) provides an efficient means to store and transfer 
medical images across different imaging modalities
32
. One of the most important features 
of DICOM standard resides in the fact that patient ID is part of the data set of the 
DICOM image so that the two cannot be separated from each other, even when the data 
has to be anonymized for bioethical reasons
33
. 
